8 S100 proteins bind linear peptide regions of target proteins and modulate their ac-9 tivity. The peptide binding interface, however, has remarkably low specificity and 10 can interact with many target peptides. It is not clear if the interface discrimi-11 nates targets in a biological context, or whether biological specificity is achieved 12 exclusively through external factors such as subcellular localization. To discriminate 13 these possibilities, we used an evolutionary biochemical approach to trace the evolu-14 74 specificity change after gene duplication for these low-specificity proteins compared 75 to high-specificity proteins? Unsurprisingly, we find that S100A5 and S100A6 both 76 bind to a wide variety of diverse peptides. Surprisingly, we find that the set of 77 partners, despite being diverse, has been conserved over hundreds of millions of 78 years. Further, we observe a pattern of subfunctionalization for these low-specificity 79 proteins that is identical to that observed in high-specificity proteins. This suggests 80 that these low-specificity interfaces are indeed constrained to maintain a specific-if 81 large-set of binding targets.
specificity, we then calculated the conservation of residues at the binding site across 141 S100A5 and S100A6 homologs. Fig 3B and C show the relative conservation of 142 residues on hA5 ( Fig 3B) and hA6 ( Fig 3C) . Taken as a whole, the peptide binding 143 region does not exhibit higher conservation than other regions in the protein. We 144 therefore predicted substantial variability in the peptide binding specificity across 145 S100A5 and S100A6 orthologs. 146 To test the prediction that specificity has fluctuated over time, we expressed and 147 purified S100A5 and S100A6 orthologs from human, mouse (Mus musculus), tas-148 manian devil (Sarcophilus harrisii ), American alligator (Alligator mississippiensis), 149 and chicken (Gallus gallus). We then characterized the peptide binding specificity 150 of these S100A5 and S100A6 orthologs against four peptides: A5cons, A6cons, SIP, 151 and NCX1 ( Fig 4A) . We selected these peptides because there is direct evidence that 152 these peptides bind at the canonical binding interface (Fig 2, as well as (41, 42) ). Sur-153 prisingly, we found that the S100A5 and S100A6 clades exhibited broadly similar, 154 ortholog-specific binding specificity ( Fig 4A) . All S100A5 orthologs bound NCX1, 155 A5cons, and A6cons, but not SIP. In contrast, all S100A6 orthologs bound SIP and 156 A6cons, but not A5cons. The only labile character is NCX1 binding to S100A6.
The strong conservation of peptide binding suggested that other features-such 164 as structural features-might be conserved between paralogs as well. To test for this, 165 we characterized the secondary structure and response to Ca 2+ for all proteins using 166 far-UV circular dichroism (CD) spectroscopy. A Ca 2+ -driven change in α-helical sec-167 ondary structure is a conserved feature of S100 proteins (26, 37) . We asked whether 168 this behavior was conserved across orthologs, which would indicate similar structural 169 properties. As with peptide binding, we found that the CD spectrum and response to 170 Ca 2+ were diagnostic within each clade ( Fig 4B-D, Fig S3) . S100A5 orthologs exhib-171 ited deep minima at 208 and 222 nm, corresponding to a largely α-helical secondary 172 structure ( Fig 4B,D) . This signal increased upon addition of saturating Ca 2+ , con-173 sistent with the ordering of the C-terminus of the human protein reported by NMR 174 (46). In contrast, all S100A6 orthologs exhibited a deeper minimum at 208 nm, 175 likely corresponding to a mixture of α-helical and random coil secondary structure. 176 The secondary structure of these proteins changed comparatively little on addition 177 of Ca 2+ (Fig 4C,D) .
178
Specificity evolved from an apparently promiscuous ancestor 179 Surprisingly, despite the diversity of peptides that bind to each paralog, peptide 180 binding specificity is conserved across across paralogs. We next asked whether 181 these proteins exhibited comparable evolutionary patterns to those observed in high-182 specificity proteins, such as the partitioning of ancestral binding partners along du-183 plicate lineages (20-22). Using our phylogeny, we used ancestral sequence reconstruc-184 tion (ASR) to reconstruct the last common ancestors of S100A5 orthologs (ancA5) 185 9 and S100A6 orthologs (ancA6) (49). These proteins were well reconstructed, having 186 mean posterior probabilities of 0.93 and 0.96, respectively. Their sequences are given 187 in File S2. We expressed and purified both of these proteins. We found that they 188 shared similar secondary structures and Ca 2+ -binding responses with their descen-189 dants by far-UV CD ( Fig 4C) . We then measured binding to the suite of four peptides 190 described above using ITC. These ancestors gave the pattern we would expect given 191 the binding specificities of the derived proteins ( Fig 4D) . AncA5 is indistinguishable 192 from a modern S100A5 ortholog, binding A5cons, A6cons, and NCX1, but not SIP 193 ( Fig 4D) . AncA6 also behaves as expected, binding A6cons and SIP, but not A5cons.
194
It does not bind NCX1, consistent with this character being labile in the S100A6 195 lineage ( Fig 4D) . 196 We next characterized the last common ancestor S100A5 and S100A6 (ancA5/A6).
197
This reconstruction had a mean posterior probability of 0.83 (File S2). AncA5/A6 198 has a secondary structure content identical to ancA6 and the S100A6 descendants.
199
It also responds to Ca 2+ in a similar fashion ( Fig 4C, Fig S2) . Unlike any modern 200 protein, however, ancA5/A6 binds to all four peptides ( Fig 5) . To verify that this 201 result was not an artifact of the reconstruction, we also made an "AltAll" ancestor 202 of ancA5/A6 in which we swapped all ambiguous sites in the maximum-likelihood 203 ancestor with their next most likely alternative (50) (File S2, methods). This protein 204 is quite different than ancA5/A6-differing at 21 of 93 sites-but the binding profile 205 for the four peptides was identical to the maximum-likelihood ancestor. Thermody-206 namic parameters for these binding experiments are given in Table S2 -S5.
207
Binding specificity can be changed with a single mutation 208 Our work revealed that S100A5 and S100A6, despite having low overall specificity, 209 display the same basic evolutionary patterns as high-specificity proteins (20, 22, 23): 210 they exhibit conserved partners across modern orthologs and display a pattern of 211 subfunctionalization from a less specific ancestor. While suggestive, this does not 212 establish that there are functional constraints on specificity. Another possibility is 213 that switching specificity is intrinsically difficult, and that the pattern we observe re-214 flects this difficulty rather than selective pressure to maintain a particular specificity 215 profile.
216
To distinguish these possibilities, we attempted to shift the binding specificity of 217 hA5 by introducing mutations at the binding interface. We selected five historical 218 substitutions that occurred along the branch between ancA5/A6 and ancA5: e2A, 219 i44L, k54D, a78M, m83A (with the ancestral amino acid in lowercase and modern 220 amino acid in uppercase). We chose these substitutions using three criteria: 1) the 221 ancestral amino acid was conserved in S100A6 orthologs, 2) the derived amino acid 222 was conserved in S100A5 orthologs, 3) and the mutations were located at the peptide 223 binding interface. Fig 5A shows the positions of candidate substitutions mapped onto 224 the structure of hA5 (46). 225 We reversed each of these sites individually to the ancestral state in hA5. We then 226 measured binding of two clade-specific peptides, SIP and A5cons, to each mutant 227 using ITC (Table S6 ). We found that reverting a single substitution (A83m) to its 228 ancestral state in hA5 enabled it to bind the SIP peptide ( Fig 5B) . This reversion 229 does not compromise binding to A5cons, thus recapitulating the ancestral specificity (Table S3 ). Reversion to the ancestral methionine at residue 83 likely makes more 231 favorable hydrophobic packing interactions with the SIP peptide than the extant 232 alanine. This demonstrates that a single mutation at the peptide binding interface 233 is capable of shifting specificity in S100A5. None of the remaining four ancestral 234 reversions led to measurable changes in A5cons or SIP binding. Amino acids at 235 these positions either do not interact with these peptides, or the ancestral and derived 236 amino acids interact in roughly equivalent fashion.
237
Another way to view specificity is in terms of binding mechanism. If binding 238 affinity is mostly due to the hydrophobic effect, we would predict it would be rel-239 atively easy to alter binding by small changes to packing interactions. To test for 240 relative contributions of the hydrophobic effect versus polar contacts to binding affin-241 ity, we did a van't Hoff analysis for the binding of A5cons to hA5. We performed 242 ITC at temperatures ranging from 10 • C to 25 • C and then globally fit van't Hoff 243 models to the binding isotherms ( Fig 5C-D) . We first attempted fits using a fixed 244 enthalpy of binding (∆C • p = 0.0), but the fits did not converge. When we allowed 245 ∆C • p to float, we found it was negative (−0.40 ≤ −0.36 ≤ −0.32 kcal · mol −1 · K −1 ), 246 indicating that binding is driven by the hydrophobic effect (51). This observation 247 is consistent with binding at the hydrophobic surface exposed by the Ca 2+ -induced 248 conformational change (46) and may help to explain why specificity can be readily 249 altered via a single substitution in the interface.
250

Discussion
251
Our work highlights the paradoxical nature of peptide binding specificity for these 252 low-specificity S100 proteins. The binding interface has low specificity, interacting 253 with very diverse peptides with no obvious binding motif ( Fig 1B) . Further, the 254 specificity is fragile, and can be altered with a single point mutation ( Fig 5) . One 255 might therefore conclude that this binding specificity is only weakly constrained. In 256 contrast, binding specificity has been conserved over 320 million years along both 257 lineages, exhibiting a pattern of subfunctionalization similar to what has been ob-258 served previously for the evolution of high-specificity proteins (Fig 4) . This strongly 259 points to the binding specificity being important, despite being very broad.
260
Low specificity through a hydrophobic interface 261 The binding specificity of these proteins is likely driven almost entirely by shape 262 complementarity and packing. The protein interface exposed on Ca 2+ binding is should therefore be straightforward to change specificity with minimal perturbation.
273
Indeed, we found that a single mutation, from a small to a large hydrophobic amino 274 acid, is able to switch the specificity of the interface ( Fig 5A) . Yet, over evolutionary 275 time, binding specificity-at least for this set of targets-has been maintained ( Fig   276   4 ). Amazingly, this is achieved without strict conservation of the binding site. The 277 peptide binding region does not exhibit higher conservation than other residues in 278 either S100A5 or S100A6 ( Fig 3B-C ).
279
Our work shows that protein binding specificity is likely an important feature 280 of these proteins, but does not reveal the set of biological targets for S100A5 and 281 S100A6. Identifying these targets will require further experiments. This could in-282 clude coupling S100A5 and S100A6 knockouts to proteomics or transcriptomics, pull 283 downs followed by proteomics, and/or large-scale screens of peptide targets via a 284 technique like phage display. We also anticipate that external factors-such as co-285 expression, large complex assembly, and subcellular localization-will add critical 286 additional layers of specificity to the low-specificity binding interfaces of these pro-287 teins. Understanding the interplay between the biochemical specificity and these 288 external factors will be important for dissecting the biology of these proteins.
289
S100s may allow the evolution of new calcium regulation 290 The existence of a conserved set of binding partners also has intriguing implications 291 for the evolution of Ca 2+ signaling pathways in vertebrates. This can be seen by 292 contrasting S100 proteins with calmodulin, a protein that also exposes a protein 293 interaction surface and regulates the activity of target proteins in response to Ca 2+ 294 14
(2). It has been proposed that calmodulin provides a universal Ca 2+ response across 295 tissues, while S100 proteins allow for fine-tuned, tissue-specific responses (26, 27).
296
Our results allow us to extend this idea along an evolutionary axis.
297
Our results suggest that S100 proteins may provide a minimally pleiotropic path-298 way for the evolution of new Ca 2+ regulation. Calmodulin is broadly expressed across 299 tissues. As a result, a mutation that causes a protein to interact with calmodulin will 300 have the same effect in all tissues where that protein is expressed. This could lead 301 to unfavorable pleiotropic effects that prevent fixation of the mutation. In contrast, 302 S100 proteins have highly differentiated tissue expression. S100A5, for example, is 303 expressed almost exclusively in olfactory tissues. This means that a protein that 304 acquires an interaction with S100A5 will do so only in olfactory tissue, with minimal 305 pleiotropic effects in other tissues. The pattern of subfunctionalization we observed 306 is consistent with this idea (Fig 4D) , as subfunctionalization is one way to escape 307 adaptive conflict that arises due to pleiotropic effects of mutations (52, 53). This is 308 only possible because S100A5 evolved a distinct binding profile relative to S100A6
309
(and presumably other S100 proteins), meaning that acquisition of a new S100A5 310 interaction does not imply an interaction with a large number of other S100 proteins, 311 which would itself lead to extensive pleiotropy.
312
Additionally, our results suggest that S100 proteins would provide a much simpler 313 path for the evolution of new Ca 2+ regulation than calmodulin. The calmodulin se-314 quence has been conserved for over a billion years and is basically unchanged across 315 fungi and animals. As a result, evolution of a new calmodulin-regulated target re-316 quires that the target change its sequence to bind to calmodulin. This would likely 317 15 mean that slowly evolving proteins would not be able to evolve Ca 2+ regulation, as 318 neither the calmodulin nor possible new target would be able to acquire the neces-319 sary mutations to form the new interaction. In contrast, S100 proteins are evolving 320 rapidly. For example, human S100A5 and S100A6 only exhibit 53% sequence identity, 321 despite sharing an ancestor ≈ 320 million years ago. This means that, particularly 322 after gene duplication, S100 proteins can acquire new interactions through mutations 323 to the S100 itself. This would allow them to capture slowly evolving target proteins, 324 opening a different avenue for the evolution of Ca 2+ regulation that would not be 325 accessible by calmodulin alone.
326
Evolution of low-specificity proteins 327 Our results also shed light on the evolution of low specificity proteins in general.
328
Many proteins besides S100 proteins exhibit low specificity including other signaling 329 proteins (2, 12), hub proteins (3, 6, 9, 11), and many others (1, 4, 5, 8, 10). Further 330 experiments will be required to determine the generality of our observations for low-331 specificity proteins, but our work suggests that low-specificity proteins can evolve 332 with similar dynamics to the high-specificity proteins that have been studied in 333 detail. Partners for low-specificity proteins can be strongly conserved and evolve by 334 subfunctionalization, just like a high-specificity protein.
335
One important question is whether S100A5 and S100A6 did, indeed, gain speci- ancestral protein that appears less specific than its descendants. Some have pro-338 posed this is a general evolutionary trend (17, 54, 58). Caution is warranted before 339 16 interpreting these data as evidence for this hypothesis. We selected a small set of 340 peptides to study; therefore, other patterns may be consistent with our observations.
341
For example, it could be that the proteins both acquired more peptides that we did 342 not sample in this experiment (actual neofunctionalization), while becoming more 343 specific for the chosen set of targets (apparent subfunctionalization). Particularly
344
given the large number of targets for these proteins, distinguishing these possibil-345 ities will require an unbiased, high-throughout approach to measuring specificity.
346
Advances in high-throughput protein characterization have made such experiments 347 tractable (59-63). With the right method, we will be able to resolve whether the 348 shifts in specificity we observed indeed reflect increased specificity over evolutionary 349 time, or instead the small size of the binding set we investigated.
350 Whatever the precise evolutionary process, our results reveal that S100 pro- does not imply no specificity, nor a lack of evolutionary constraint.
354
Acknowledgements 355 We would like to thank members of the Harms group for useful discussions. We would Synthetic genes encoding the S100 proteins and codon-optimized for expression in E.
366
coli were ordered from Genscript. The accession numbers for the modern sequences 367 are: Homo sapiens S100A5: P33763, S100A6: P06703; Mus musculus S100A5: 368 P63084, S100A6: P14069; Sarcophilus harrisii S100A5: G3W581, S100A6: G3W4S8;
369
Alligator mississippiensis S100A5: XP_006264408.1, S100A6: XP_006264409.1;
370
Gallus gallus S100A6: Q98953. All accession numbers are for the uniprot database Purification of all S100s used in this study was carried out as follows. The initial We collected 2D 1 H − 15 N TROSY-HSQC NMR spectra for 2 mM hA5 in the 429 presence of Ca 2+ alone and with the addition of the 2 mM A5cons. We also collected 430 the spectra of 0.5 mM hA5 with the addition of 0.5 mM A6cons peptide, which was 431 done at lower concentration due to poorer solubility of A6cons in the aqueous buffer. 432 We transfered published assignments to the Ca 2+ -alone spectrum (BMRB: 16033,
433
(46)), and then used 3D NOESY-TROSY spectra to verify the assignments. We We used targeted BLAST searches to build an database of 49 S100A2-S100A6 se-528 quences sampled from across the amniotes, as well as six telost fish S100A1 sequences 529 as an outgroup. We attempted to achieve even taxonomic sampling across amniotes.
530
Database accession numbers are in Table S7 . We used MSAPROBS for the initial 531 alignment (68), followed by manual refinement. Our final alignment is available as a 532 supplemental stockholm file (File S1).
533
We constructed our phylogenetic tree using the EX/EHO+Γ 8 model, which in-534 corporates information about secondary structure and solvent accessibility into the 535 phylogenetic inference (47). We assigned the secondary structure and solvent ac-536 25 cessibility of each site using 115 crystallographic and NMR structures of S100A2, 537 S100A3, S100A4, S100A5 and S100A6 paralogs: 1a03, 1a4p, 1b4c, 1bt6, 1cb1, 1cdn, 538 1cfp, 1clb, 1cnp, 1ig5, 1igv, 1irj, 1jwd, 1k2h, 1k8u, 1k9p, 1ksm, 1kso, 1m31, solved under slightly different conditions or from the multiple models in the NMR 549 models-we took the majority rule consensus secondary structure and the average 550 solvent accessibility for all structures with identical sequences before doing averages 551 across unique sequences. We then assigned the secondary structure for each column 552 using a majority-rule across unique sequences. We assigned the solvent accessibility 553 as the average across unique sequences at that site. Our structural annotation is 554 available in our alignment stockholm file (File S1). 555 We then constructed our tree using the EX/EHO+Γ 8 model (47), enforcing cor-556 rect species relationships within groups of orthologs (71). We compared the final 557 likelihood of this tree to trees generated using LG+Γ 8 and JTT+Γ 8 models (72, 73).
558
Although the EX/EHO model has seven more floating parameters than either LG or 559 26 JTT, the final tree had a log-likelihood 61 units higher than the next-best model. An
560
AIC test strongly supports the more complex model (p = 3 × 10 −30 ) . One important 561 output from an EX/EHO calculation is χ, a term that measures the fraction of sites 562 that use the structural models relative to a linear combination of all of them (47).
563
For our analysis, χ = 0.72. We rooted the tree using the S100A1 sequences, which 564 included S100s from several bony fishes.
565
To reconstruct ancestors using the EX/EHO+Γ 8 model, we used PAML to re-566 construct ancestors using each of the six possible EX/EHO matrices (49, 74), as well 567 as their linear combination. We then mixed the resulting ancestral posterior proba-568 bilities using the secondary structure calls and apparent accessibility at each site, as 569 well as χ (see Equation 3 in (47)). The code implementing this approach is posted 570 on github: https://github.com/harmslab/exexho_phylo_mixer. We assigned gaps 571 using parsimony. We generated the AltAll sequence as described in Eick et al (50).
572
This incorporates uncertainty in the reconstruction by taking the next-best recon- 
